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•  Material  as  ORR  catalyst. 

•  Potential  use  of  this  material  as  DMFC  cathode. 
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In  this  work  a  simple  and  rapid  synthesis  method  for  obtaining  (CoFeRu)  based  electrocatalyst  for  the 
oxygen  reduction  reaction  (ORR)  in  the  absence  and  presence  of  methanol  is  reported.  The  electrocatalyst 
is  synthesized  by  microwave  thermal  heating  method  in  a  mixture  of  ethylene  glycol/water  as  reaction 
media  at  220  °C  during  30  min,  and  600  W  of  power  radiation.  The  material  is  characterized  by  the 
rotating  disk  electrode  technique.  The  electrocatalyst  shows  tolerance  to  the  presence  of  1  mol  L_1 
methanol  during  the  ORR.  The  material  is  structurally  characterized  by  X-ray  diffraction  and  its  chemical 
composition  is  determined  by  energy-dispersive  spectroscopy  analysis.  The  electrocatalyst  is  a  potential 
candidate  to  be  used  as  cathode  in  DMFC. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Direct  methanol  fuel  cells  have  been  studied  for  many  years. 
These  fuel  cells  are  based  on  the  technology  of  proton  exchange 
membrane  fuel  cells  and  they  are  good  candidates  for  various  ap¬ 
plications,  mainly  in  electric  vehicles,  hospital,  and  small  devices 
such  as  laptops,  digital  cameras  and  mobile  phones  [1—3],  However 
methanol  is  highly  prone  to  pass  through  the  polymer-electrolyte 
membrane  (cross-over  effect).  The  methanol  that  comes  into  con¬ 
tact  with  the  cathode  electrocatalyst  will  reduce  the  efficiency  of  the 
oxygen  reduction  reaction  by  a  competing  electrochemical  process. 

Typical  DMFC  anode  is  carbon-supported  platinum  electro¬ 
catalyst.  However  sequential  stripping  of  protons  and  electrons  is 
believed  during  methanol  oxidation,  leading  to  the  formation  of 
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carbon-containing  intermediates,  such  as  linearly  bonded-COads. 
and  the  electrocatalyst  become  poisoned  [4],  The  methanol  cross¬ 
over  effect  can  be  reduced  using  selective  cathode  electrocatalyst 
materials  [5,6].  In  this  way,  it  is  necessary  to  investigate  materials 
that  carry  on  the  oxygen  reduction  reaction  with  high  open  circuit 
potential,  catalytic  activity  and  tolerance  to  the  methanol  presence. 
There  are  many  proposals  for  these  electrocatalyst  including  plat¬ 
inum,  Pt  alloyed  with  transition  metals  or  only  transition  metals 
[7—11  ].  Most  of  the  electrocatalysts  that  show  high  catalytic  activity 
for  ORR  are  Pt-based  [7], 

There  are  few  works  using  Co  and  Fe  as  cathodic  electrocatalyst 
by  direct  methanol  fuel  cells.  For  example,  Pd— Co/C  has  been  syn¬ 
thesized  at  different  experimental  conditions  [  12,13  ]  and  was  found 
that  this  electrocatalyst  shows  an  excellent  ORR  activity.  Cobalt 
electrocatalyst  has  been  reported  with  attractive  catalytic  activity 
towards  ORR  14,15]  and  with  tolerance  toward  methanol  [16],  The 
use  of  iron  as  cathode  in  DMFC  also  has  been  investigated  and  was 
found  that  the  highest  catalytic  activity  was  obtained  when  the  iron 


794 


A.  Sandoval  Gonzalez  et  al.  /  Journal  of  Power  Sources  267  (2014)  793-798 


is  combined  with  other  metal  or  when  is  synthesized  at  higher 
temperatures  [17—19],  There  are  many  studies  with  ruthenium 
electrocatalysts  used  as  cathode  in  a  fuel  cell  [20—22],  It  is  found  that 
ruthenium  is  an  excellent  candidate  as  cathode  in  DMFC  [23,24], 

The  aim  of  the  present  work  is  to  study  the  electrochemical 
behavior  of  (CoFeRu)/C  electrocatalyst  for  the  oxygen  reduction 
reaction  in  the  absence  and  presence  of  methanol.  This  electro¬ 
catalyst  is  synthesized  by  microwave  thermal  heating  process. 

2.  Experimental 

2.3.  Electrocatalyst  synthesis  and  physical  characterization 

(CoFeRu)  based  electrocatalyst  is  synthesized  by  microwave 
thermal  heating  process  [25],  using  92  mg  of  cobalt  (II)  nitrate 
hexahydrate  (C0N2O66H2O  99.999%,  Sigma— Aldrich),  118  mg  of 
ferrous  sulfate  heptahydrate  (FeS04-7H20  99.9%,  Sigma— Aldrich) 
and  50  mg  of  triruthenium  dodecarbonyl  (Ru3  (CO)i2)  99%,  Sig¬ 
ma— Aldrich),  dissolved  in  7.5  ml  of  deionized  water  (18.2  MO  cm) 
plus  7.5  ml  of  ethylene  glycol  (HOCH2CH2OH  99.9%,  J.T.  BAKER).  The 
mixing  is  placed  in  a  microwave  synthesis  reactor  (Synthos  3000, 
Anton  Paar),  at  220  °C  during  30  min.  The  product  is  filtered, 
washed  with  deionized  water/acetone  (CH3CH3CO  99.6%,  Fermont) 
and  dried  at  room  temperature. 

(CoFeRu)  electrocatalyst  is  structurally  characterized  by  XRD 
and  EDS.  XRD  analysis  is  carried  out  using  a  Rigaku  DMAX-2200 
diffractometer  (Cu  Kal  radiation,  1.5406  A).  The  X-ray  diffraction 
pattern  is  obtained  using  Jade  6.5  software.  The  chemical  compo¬ 
sition  is  investigated  by  X-ray  energy-dispersive  spectra  (EDS) 
analysis  using  a  Hitachi  SU1510  microscope. 

2.2.  Electrochemical  characterization 

The  catalytic  ink  is  prepared  mixing  0.6  mg  of  (CoFeRu)  elec¬ 
trocatalyst  and  1.4  mg  of  Vulcan  XC-72  with  13  pL  of  a  5%  Nafion®/ 
isopropanol  solution  (ElectroChem)  in  an  ultrasonic  bath  (Branson 
1510)  for  5  min.  2  pL  of  the  resulting  ink  is  deposited  as  a  thin  layer 
on  the  surface  of  a  glassy  carbon  disk  held  in  a  Teflon  cylinder  of  the 
rotating  disk  electrode  (geometrical  surface  area  was  0.071  cm2). 
The  layer  is  dried  at  room  temperature. 

The  electrochemical  studies  are  carried  out  at  25  °C,  in  a  con¬ 
ventional  three  compartment  electrolytic  cell  with  a  water  jacket 
for  maintaining  stable  temperature  conditions  in  the  electrolyte.  A 
mercury  sulfate  electrode  (Hg/Hg2SO4/0.5  mol  L_1  H2SO4;  abbre¬ 
viated  as  MSE)  is  used  as  reference  electrode  (MSE  =  0.640V/NHE), 
which  is  connected  to  the  cell  through  a  bridge  with  a  lugging 
capillary.  A  thick  carbon  rod  is  used  as  counter  electrode  and 
0.5  mol  IT1  sulfuric  acid  (H2SO4  98%,  J.T.  Baker)  is  used  as  electro¬ 
lyte.  A  potentiostat/galvanostat  (Solartron  Analytical,  model  SI 
1287)  and  CorrWare™  software  are  used  for  the  electrochemical 
measurements  and  records  of  experiments. 

The  electrolyte  is  purged  with  nitrogen  (Infra;  UHP)  for  the 
activation  of  the  electrode.  This  activation  is  done  by  scanning 
(cyclic  voltammetry,  CV)  between  0  and  1.04  V/NHE  at  20  mV  s_1 
until  no  variation  on  the  voltammogram  is  observed  (30  cycles).  On 
the  other  hand,  a  Pt/Vulcan-XC-72  (Pt/C)  electrode  is  used  for 
comparison,  for  which  a  scanning  between  0  and  1.56  V/NHE  range 
is  performed,  at  50  mV  s  1  rate.  These  electrocatalysts  has  a  loading 
of  1  mg  citT2  (geometric  area). 

Linear  sweep  voltammetry  (LSV)  is  used  for  ORR  studies  [6],  The 
electrolyte  is  saturated  with  pure  oxygen  (Infra;  UHP)  for  15  min. 
Polarization  curves  in  the  presence  of  oxygen  ware  obtained  in  the 
£oC2  to  0  V/NHE  range  for  the  (CoFeRu)/C  electrocatalyst  at 
20  mV  s_1  and  in  the  E„l  to  0.2  V/NHE  range  for  the  Pt/C  electro¬ 
catalyst  at  5  mV  s  Rotation  rates  ranges  from  100  to  1500  rpm. 


CV  and  LSV  curves  are  also  obtained  in  the  presence  of  methanol 
(1  mol  L_1  CH3OH  99.9%,  J.T.  Baker),  under  the  conditions  described 
above. 

3.  Results 

3.3.  Structural  composition 

Fig.  1  shows  the  experimental  XRD-patterns  of  the  synthesized 
electrocatalyst.  It  can  be  observed  that  there  are  not  crystallo¬ 
graphic  peaks  well  defined  for  the  alloy  CoxFeyRuz,  and  different 
crystalline  phases  as  Ru,  C03C  and  CoFe204  are  formed,  with  a 
crystal  size  of  9.1, 10.4  and  33.9  nm,  respectively.  These  crystal  sizes 
are  in  agreement  with  those  reported  in  the  literature  [20,26,27], 

The  chemical  composition  (At%)  of  the  (CoFeRu)  electrocatalyst 
shows  an  atomic  ratio  Co:Fe:Ru  of  1.7:1.7:46.6  with  a  high  per¬ 
centage  of  carbon  (17%)  and  oxygen  (33%).  The  presence  of  carbon  is 
due  to  the  carbonyl  groups  present  in  Ru3(CO)i2  salt,  and  the  oxy¬ 
gen  could  be  attributed  at  the  C0N2O6  *  6H2O  or  FeS04  *  7H2O  salts. 
With  this  technique  was  corroborated  that  the  electrocatalyst 
shows  a  higher  ruthenium  presence  (46.6%),  which  was  observed  in 
XRD-patterns. 

3.2.  Electrochemical  characterization 
3.2.1.  Cyclic  voltammetry 

Fig.  2  shows  the  voltammograms  of  (CoFeRu)/C  in  the  absence 
and  presence  of  1  mol  L_1  methanol  solution,  along  with  that  for  Pt/ 
C  for  comparison.  In  the  absence  of  methanol,  the  (CoFeRu)/C  vol¬ 
tammograms  (Fig.  2a)  shows  well-defined  peak  at  established  po¬ 
sition  and  the  current  density  value  remains  constant,  indicating 
that  the  metal-support  bond  remains  anchored  to  the  surface. 
These  materials  show  a  cathodic  peak  centered  between  0.1  and 
0.2  V/NHE  similar  to  that  reported  for  a  thin  film  of  ruthenium 
oxide  [28],  RU2O3  or  Ru02XH20  [29,30]  formed  during  the  anodic 
sweep.  Besides,  proton  diffusion  is  also  taking  place  in  this  potential 
range  [31  ].  Also  is  observed  the  presence  of  oxygen  evolutions  peak, 
in  the  anodic  (0.9— 1.1  V/NHE)  region.  Another  important  feature  is 
that  the  (CoFeRu)/C  electrocatalyst  does  not  show  methanol 
oxidation  peaks,  in  contrast  with  the  platinum  electrode,  which 
exhibits  very  sharp  peaks  (Fig.  2b)  indicating  its  high  activity  for  the 
methanol  oxidation  process. 
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Fig.  2.  Cyclic  voltammograms  in  the  absence  and  presence  of  1  mol  L  1  methanol  for  a)  (CoFeRu)/C  (sweep  rate  =  20  mV  s  ’)  and  b)  Pt/C  (the  sweep  rate  =  50  mV  s  1 ).  The 
electrolyte  was  0.5  mol  I.  1  H2S04. 


3.2.2.  Oxygen  reduction  reaction  (ORR) 

Fig.  3  shows  the  polarizations  curves  of  (CoFeRu)/C  and  Pt/C 
electrocatalysts  for  the  ORR  in  the  absence  and  presence  of 
1  mol  L_1  CH3OH  solution.  These  curves  show  a  similar  perfor¬ 
mance  in  the  three  distinct  regions  of  the  ORR  processes  in  the 
absence  of  methanol:  1)  the  kinetic  region,  when  the  current,  ik  is 
independent  of  the  rotation  velocity;  2)  the  mixed  control  region, 
where  the  behavior  is  determined  by  kinetic  as  well  as  diffusion 
processes;  and  3)  the  mass  transfer  region,  where  the  diffusion 
current,  id,  is  a  function  of  the  rotation  velocity.  In  the  third  zone, 
the  transfer  of  electrons  is  very  fast  and  the  observed  process  is 
controlled  by  the  oxygen  mass  transport  diffused  at  the  electrode 
surface  [32], 

In  the  absence  of  methanol,  Pt/C  commercial  electrocatalyst 
shows  a  high  activity  toward  oxygen  reduction  reaction  (Fig.  3a). 
The  open  circuit  potential  begins  at  0.87  V/NHE  and  the  current 
density  increase  with  the  increase  of  the  rotation  velocity.  However, 
in  the  presence  of  methanol  the  Pt  electrode  exhibits  a  net  cathodic 
current  onset  to  shift  negatively  by  ca.  0.3  V/NHE,  due  to  the 
simultaneous  methanol  oxidation  and  oxygen  reduction  reactions 
[33],  Moreover,  the  polarization  curves  for  (CoFeRu)/C  electro¬ 
catalyst  are  practically  unchanged  by  the  presence  of  methanol 
(Fig.  3a),  thus  confirming  the  tolerance  to  methanol  during  the  ORR. 

The  analysis  of  the  current— potential  curves  at  different  rotating 
rates  is  carried  out  by  analyzing  the  hydrodynamic  plots  in  a  first 
order  kinetic  reaction  from  a  Koutecky— Levich  approach  [34], 


11  1_ 

i  ~  ik  id 


(1) 


where  i  is  the  measured  disk  current,  ik  is  the  current  due  to  the 
charge-transfer  at  the  electrode  surface,  and  id  the  diffusion 
controlled  current.  This  equation  may  be  used  to  separate  i k  from  id, 
and  get  the  real  electrocatalyst  activity  [35],  For  the  rotating  disk 
electrode  experiment,  in  the  laminar  flow  regime,  the  diffusion 
current  is  a  function  of  the  rotation  velocity  and  hence,  Eq.  (1)  may 
be  written  as: 


11  B 


(2) 


w  is  the  electrode  rotation  velocity  in  rpm  and  B  is  a  constant  given 

by  [36]: 


200nE4Co2Do/V1/6 

where  200  is  a  constant  used  when  w  is  expressed  in  revolutions 
per  minute  and  the  current  in  mA,  n  is  the  number  of  electrons 
related  to  the  oxygen  reduction  reaction,  A  is  the  geometric  area  in 
cm2,  F  the  Faraday  constant  (96485C  moH1),  Cq2  is  the  oxygen 
concentration  in  the  bulk  of  the  electrolyte  (1.10  x  1CT6  mol  cm-3), 
is  the  oxygen  diffusion  coefficient  (1.40  x  10  5  cm2  s  3)  and 
is  the  kinematic  viscosity  of  the  electrolyte  (0.01  cm2  s~3) 
[37,38], 

The  processes  involved  in  the  reduction  reaction  of  molecular 
oxygen  at  the  cathode  electrode  are  much  more  complex  than  the 
hydrogen  oxidation  processes  at  the  anode  electrode.  The  mecha¬ 
nism  for  the  cathodic  oxygen  reduction  reaction  in  acid  solution 
involves  two  overall  pathways:  the  four-electron  pathway,  where 


Fig.  3.  Steady-state  current-potential  curves  for  Oxygen  reduction  reaction  in  the  absence  and  presence  of  1  mol  L  1  methanol  for  a)  (CoFeRu)/C  and  b)  Pt/C.  The  electrolyte  was 
0.5  mol  I.  1  H2S04  and  the  sweep  rate  was  5  mV  s  1 


796 


A.  Sandoval  Gonzalez  et  al.  /  Journal  of  Power  Sources  267  (2014)  793-798 


Fig.  4.  Experimental  (at  various  potentials)  and  theoretical  (2  and  4  electrons)  Koutecky— Levich  plots  in  the  absence  and  presence  of  1  mol  L  1  methanol  for  a)  (CoFeRu)/C  and  b) 
Pt/C.  Solid  lines  indicate  theoretical  four  and  two  electrons  for  the  oxygen  reduction  mechanism. 


molecular  oxygen  is  reduced  to  H20;  and  the  peroxide  pathway, 
where  02  is  reduced  to  H202  [32,39—41],  The  Koutecky— Levich 
plots  are  usually  used  to  estimate  the  number  of  electrons  involved 
during  the  oxygen  reduction.  Fig.  4  shows  the  theoretical  (with 
n  =  2  and  n  =  4;  with  an  electrode  geometric  area  of  0.071  cm2)  and 
experimental  Koutecky— Levich  plots  in  the  absence  and  presence 
of  1  mol  L_1  CH3OFI,  at  a  given  potential  value  of  0.4  V/NHE.  It  can 
be  observed  that  the  Pt/C  and  (CoFeRu)/C  electrocatalysts  show  a 
four  electron  process,  indicating  that  the  02  is  most  likely  reduced 
to  H20,  following  a  direct  four  electron  pathway  at  the  solid  elec¬ 
trode/solution  interface.  The  linearity  and  parallelism  of  these 
Koutecky— Levich  plots  indicate  a  first-order  kinetics  with  respect 
to  molecular  oxygen  [42],  The  differences  between  the  experi¬ 
mental  and  theoretical  Koutecky— Levich  plots  may  result  from  the 
exposed  effective  surface  area  (Aeff)  of  the  electrocatalyst,  which 
might  be  higher  than  the  geometric  ones  [43],  This  Aeff  can  be 
calculated  from  Eq.  (4),  using  the  experimental  Koutecky— Levich 
slope,  Bexp.  and  n  =  4: 


6  200nFBexpCoX/V1/6 

All  the  current  measured  are  normalized  to  this  effective  area. 
Both  electrocatalysts  have  similar  effective  surface  area  values 
(0.099  cm2),  which  are  higher  than  geometric  area  (0.0701  cm2). 
This  result  is  expected  because  the  materials  are  supported  with 
Vulcan. 


Equation  (5)  can  be  used  to  correct  for  mass  transport  and  thus 
obtain  ik  as  a  function  of  potential,  Tafel  plot  [37,44,45], 


Fig.  5  shows  the  mass  transport  corrected  Tafel  plots  for  the 
oxygen  reduction  reaction  on  (CoFeRu )/C  and  Pt/C,  respectively. 
Table  1  summarizes  the  effective  area  (Aeff)  obtained  by  experi¬ 
mental  Koutecky— Levich  slope,  the  open  circuit  potential  (£0c)  and 
the  kinetic  parameters  obtained  from  Tafel  plots:  Tafel  slope  (b), 
charge  transfer  coefficient  (a),  and  the  exchange  current  density 
(Jo),  for  the  (CoFeRu)/C  and  commercial  Pt/C  electrocatalysts. 

It  can  be  seen  that  in  the  absence  and  presence  of  CH3OH,  the 
values  for  (CoFeRu)/C  electrocatalyst  are  unaffected  by  the 
presence  of  methanol.  Although  the  Pt/C  electrode  shows  the 
highest  Fqc  value  in  the  absence  of  methanol,  it  shows  the  lowest 
value  in  the  presence  of  methanol,  due  to  the  presence  of  a  mixed 
potential  [46], 

For  the  ORR  usually  two  Tafel  slopes  (b)  are  obtained,  60  mV 
dec-1  and  120  mV  dec-1  [30,47],  respectively,  depending  on  the 
electrode  materials  used  and  on  the  potential  range.  From  results 
presented  in  Table  1,  (CoFeRu)/C  shows  Tafel  slopes  higher  than 
commercial  platinum.  However,  Tafel  slopes  higher  than  120  mV 
dec-1  are  often  observed  in  reactions  through  some  adsorbed 
layers  at  the  surface.  A  thin  layer  of  ruthenium  oxide,  which  exists 
in  the  mentioned  potential  range,  could  causes  an  increase  in  the 
Tafel  slope  [29]  and  the  rate-determining  step  does  not  correspond 
to  a  single  electron-transfer,  according  the  following  scheme  [21]: 


Fig.  5.  ORR  mass-transfer-corrected  Tafel  plots  in  the  absence  and  presence  of  1  mol  L  1  methanol  for  a)  (CoFeRu)/C  and  b)  Pt/C. 
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Table  1 

Effective  surface  area,  open  circuit  potentials  and  oxygen  reduction  reaction  kinetic 
parameters  of  the  (CoFeRu)/C  and  commercial  Pt/C  electrocatalysts. 


Electrocatalysts 

CH3OH 
[mol  L_1] 

Aeff 
|  cm2 

F°2  h 

coc  u 

V  vs.  NHE  mV  dec 

a 

-1 

jo 

mA  cm-2 

Pt/C 

0 

0.099 

0.870 

115 

0.510 

7.22  x  icr6 

1 

- 

0.580 

- 

- 

- 

Ru, [20] 

0 

- 

0.800 

110 

0.53 

4.29  x  1CT6 

(CoFeRu)/C 

0 

0.098 

0.782 

193 

0.306 

2.49  x  1CT4 

1 

0.098 

0.780 

203 

0.306 

3.20  x  10~4 

02  +  H+  +  e--»02H  (6) 

The  charge  transfer  coefficient  (a)  is  a  parameter  that  has  been 
related  with  the  free  energy  of  activation  for  a  reduction  process 
[48],  The  (CoFeRu)/C  electrocatalyst  shows  similar  a  (0.306)  values 
in  the  absence  and  presence  of  1  mol  Lr1  CH3OH,  which  means  that 
this  material  spends  the  same  energy  for,  begins  the  reaction  in 
the  absence  and  presence  of  CH3OH.  Commercial  platinum  elec¬ 
trocatalyst  shows  the  highest  a  value  in  the  absence  of  methanol, 
but  in  methanol  presence  it  can  not  be  calculated  due  to  the  re¬ 
action  competition  of  oxygen  reduction  reaction  and  methanol 
oxidation  reaction. 

Exchange  current  density  (jo)  is  an  important  kinetic  parameter 
representing  the  electrochemical  reaction  rate  at  equilibrium  [48], 
The  magnitude  of  the  jo  determines  how  rapidly  the  electro¬ 
chemical  reaction  can  occur.  The  j0  of  an  electrochemical  reaction 
depends  on  the  reaction  and  on  the  electrode  surface  on  which  the 
electrochemical  reaction  occurs,  jo  is  also  related  to  the  true  elec¬ 
trode  area  and  to  the  reactant  concentration  (or  partial  pressure,  for 
a  gas)  [32  and  it  is  proportional  to  the  rate  constant  (k)  of  the  re¬ 
action  (ORR).  In  general,  the  (CoFeRu)/C  electrocatalyst  shows  a 
higher  jo  than  commercial  platinum  electrocatalyst,  as  expected 
from  their  higher  Tafel  slopes. 

In  summary,  it  was  possible  to  synthesize  a  material  with  a 
high  electroactivity  toward  ORR  in  the  absence  and  presence 
of  methanol,  with  a  microwave  irradiation  method  avoiding 
long  synthesis  periods  (>5  h)  for  the  synthesis  of  this  kind  of 
materials. 


4.  Conclusions 

In  this  work,  (CoFeRu)/C  electrocatalyst  is  easily  prepared  by  a 
microwave  thermal  heating  process.  From  XRD  and  EDS  results,  it  is 
found  that  electrocatalyst  shows  different  phases  with  a  lower 
amount  of  Co  (atomic  ratio,  1.7%)  and  Fe  (1.7%),  and  a  higher  amount 
of  Ru  (atomic  ratio,  46.6%).  The  (CoFeRu)/C  electrocatalyst  shows  a 
high  activity  for  oxygen  reduction  reaction.  In  addition,  this  ma¬ 
terial  shows  tolerance  to  the  presence  of  CH3OH  during  the  ORR,  in 
contrast  to  platinum.  The  microwave  method  reduces  the  long 
times  used  in  the  conventional  thermolysis  processes  using  for  the 
synthesis  of  this  kind  of  materials. 
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